SPIRou is a near-IRéchelle spectropolarimeter and high-precision velocimeter under construction as a nextgeneration instrument for the Canada-France-Hawaii-Telescope. It is designed to cover a very wide simultaneous near-IR spectral range (0.98-2.35 µm) at a resolving power of 73.5 K, providing unpolarized and polarized spectra of low-mass stars at a radial velocity (RV) precision of 1 m/s. The main science goals of SPIRou are the detection of habitable super-Earths around low-mass stars and the study of how critically magnetic fields impact star / planet formation. Following a successful final design review in Spring 2014, SPIRou is now under construction and is scheduled to see first light in late 2017. We present an overview of key aspects of SPIRou's optical and mechanical design.
INTRODUCTION
The Spectro-Polarimetre Infra-Rouge (SPIRou), is a state-of-the-art near-infrared spectro-polarimeter optimized for the detection of exoplanets using the radial velocity (RV) technique, and for the detection of magnetic fields in young embedded stellar objects. SPIRou is currently under construction for first light at the CFHT in 2017 following successful final design review in spring 2014. SPIRou builds upon the success of three instruments, the optical spectropolarimeter ESPaDOnS, 1 which pioneered the exploration of large-scale magnetic topologies in T Tauri stars and is currently in use at CFHT, the radial-velocity (RV) spectrograph SOPHIE 2 (OHP) and the RV spectrograph HARPS 3 (La Silla, 3.6-m telescope) that revolutionized radial-velocity (RV) planet-searches by being the first instrument to reach 1 m/s RV accuracy. A summary of the main instrumental caracteristics of SPIRou is given in table 1. More than a decade after HARPS commissioning, only a handful of other facilities have reached this impressive stability level in the optical (400 − 700 nm), and none, yet, in the near-infrared domain (1 − 2.4µm). SPIRou will be a pioneer for RV planet searches in the infrared, rather than in the visible, a paradigm shift that enables targeting low-mass stars, around which Earth-sized planets are much easier to detect than around the more massive stars accessible to spectrographs operating in the visible. SPIRou will reach an RV accuracy of better than 1 m/s, sufficient to detect the reflex motion induced by Earth-size planets orbiting around mid-M dwarfs. SPIRou will be used to monitor the RV of several hundreds of low-mass stars over a period of 3 to 5 years to discover hundreds of new terrestrial exoplanets, a sizeable fraction of which will be in the so-called habitable zone (HZ), this region around a star warm enough to sustain liquid water on the surface of a planet. SPIRou will determine, for the first time, the fraction of low-mass stars harboring habitable planets. Figure 1 shows mass/temperature diagram for expected planet discoveries from the SPIRou RV survey. Second, concomitant with SPIRou, NASA will launch the Transiting Exoplanet Survey Satellite (TESS 4 ) in 2017 to conduct an all-sky survey over two years to find new and nearby transiting exoplanets. TESS is expected to find thousands of new transiting exoplanet candidates, including several hundreds of super-Earths, the majority around low-mass stars. Transiting planets are rare, but very important, cases of planets that happen to pass, from our perspective, in front of their star once every orbit, enabling a direct measurement of the planet radius. Confirmation of TESS' planets will require a mass measurement that can only be obtained through IR precision velocimetry with an instrument like SPIRou, a capability that does not exist yet. SPIRou will be an essential ancillary facility to the TESS mission.
Towards the end of this decade, TESS and SPIRou together will have assembled a sample of well characterized Earths and Super-Earths orbiting in the HZ of low-mass stars. This will set the stage for the James Webb Space Telescope (JWST), slated for launch in 2018, to probe the atmosphere of those habitable words through transit spectroscopy, to search for water and even biomarkers. The NIRISS 5 instrument aboard JWST features a mode specifically designed for high-precision transit spectroscopy. JWST will be humanity's first opportunity to detect life outside the solar system.
The second main goal is to explore the impact of magnetic fields on star and planet formation, by detectingby detecting and characterizing the large-scale magnetic fields of young stellar objects, especially embedded (class I) protostars that are mostly out of reach of existing optical spectropolarimeters like ESPaDOnS, as well as T Tauri stars (class II and III protostars) and FU-Ori like protostellar accretion discs. SPIRou will also be able to tackle many other exciting research topics in stellar physics (e.g., dynamo of fully convective stars, weather patterns at the surfaces of brown dwarfs 6 ), in planetary physics (e.g., winds and chemistry of solar-system planet atmospheres 7 ) galactic physics (e.g., stellar archaeology) as well as in extragalactic astronomy.
This contribution provides a brief overview of the science goals of SPIRou, and summarizes key aspects of its optical and mechanical design. Figure 2 shows a schematic view of SPIRou's three main components that are described in this contribution: the Cassegrain unit for polarimetric analysis and fiber injection (section 2), the bench-mounted spectrograph (section 4) and the calibration unit that provide long-term monitoring of SPIRou's RV stability (section 5). Much more detailed accounts of the foreseen contribution of SPIRou to various fiels of astrophysics can be found in Artigau, Donati & Delfosse (2011), 8 Delfosse et al. (2013). 9 Santerne et al (2013) 10 explores in depth the synergies between SPIRou and space-based missions. Aspects not covered here include but that have received significant attention trough the project history include the command and control 11 as well the data reduction and simulation tools. 12 The complete science case of SPIRou is available online † .
CASSEGRAIN UNIT
The Cassegrain unit is composed of two main modules; figure 3 shows a schematic view of this unit. This section provides an updated overview of the Cassegrain unit; a more in-depth accounting is provided in Pares et al. (2012) . 13 The first module is dedicated to the injection and input from calibration light into the science channel. This module includes an an atmospheric dispersion corrector (ADC) which provides correction for an airmass range of z = 1 − 2.5 over the entire near-infrared domain. The second element of that module stabilizes the field of view to minimize near-field drifts at the level of the flux injection into the science channel fiber. This modules has an SWIR camera for field viewing and guides on the reflection from the field mirror. The field mirror is a parallel window inclined at 10
• , it features an antireflection coating on the upper side (toward telescope) and a mirror coating with a circular aperture on the lower (toward the polarimeter module). The mirror coating reflects the observed field of view toward the guiding channel. This permits the identification of the field of view and proper acquisition of the science target. The target is centered on the circular aperture of the field mirror. During long exposures, the reflection of the wings of the target's point-spread function and the Fresnel reflection of the circular aperture ensure that the target is correctly centered in the circular hole of the field mirror. Short-time exposures done during tip-tilt correction use the flux from Fresnel reflection to analyze the tip-tilt displacements of the star. The corrections are sent to the image stabilization unit (ISU). The ISU is a thick fused silica plate. The field is stabilized by tilting the ISU plate through a closed-loop.
The last element of the module is the calibration channel with the calibration wheel (prisms, linear polarizers) and optics for converting the F/4 beam from the RV reference fiber to an F/8 beam. The calibration wheel redirects the light from the calibration and RV module on the optical axis of the telescope toward the polarimeter module. Polarimetric calibration is done with linear polarizers installed in the calibration wheel. During science observations, the calibration wheel is positioned with a clear aperture large enough as not to block the light toward the guiding channel.
The second module in the Cassegrain unit is the polarimeter. It contains a field mirror that reflects part of the light to the guiding camera and defines the field stop. In the polarimeter module, lenses convert the F/8 beam from the telescope to an F/4 beam at fiber bundle level. These lenses optically conjugate the field mirror circular aperture and the entrance of the fibers. The beam between the lenses is collimated. The polarimeter itself is composed of a first lens (polarimeter lens #1), two quarter-wave rhombs, a Wollaston polarization analyzer, a pupil cold stop and finally the exit optics (polarimeter lens #2) injecting the light into the Cassegrain fiber link.
14 At this stage, the two polarizations have been split into two independent fibers. The polarization analysis is done in the polarimeter module by two λ/4 retardation plates and a Wollaston working in parallel beam. The retardation plates are modified Fresnel λ/4 rhombs that do not introduce beam deviation. By changing the orientation of the rhombs, the Stokes parameters science target are determined. At the end of the polarimeter module, the light is separated in two beams with orthogonal polarizations by the Wollaston. A pupil cold stop module, placed after the Wollaston prism, blocks the light from the baffles of the telescope to reduce the thermal background. The thermal background of the Cassegrain unit is reduced by use of low emissivity screens, placed between each optical element. These two beams are then injected in two fibers separated by 250 µm. These fluoride fibers carry the polarization-analyzed light between the Cassegrain unit and the main cryostat spectrograph and its pupil slicer. 
FLUORIDE FIBERS AND PUPIL SLICER
This part of the optical train is comprised of two sub-systems. The first one is the fiber link consisting of the set of optical fluoride fibers linking the Cassegrain unit, the calibration module and the spectrograph. The second sub-system is the pupil slicer that optically dissects the science fibers (in pupil plane) into 4 slices that form the entrance slit of the spectrograph. The slicer and associated tools needed for alignment constitute a sub-system of the cryogenic spectrograph. The long (fluoride) fibers are made of a special optical material made of ZrF4 that enables good transmission beyond 2.0µm (K band). Transmission into the K-band is a unique observing capability for SPIRou; no other infrared precision radial velocity spectrometer will operate beyond 1.8µm as they all are limited to use off-the-shelf Si fibers that have poor transmission into the K band. The long (35 m) optical fibers requires very low-attenuation (< 13 db/km) to meet the SPIRou throughput requirement. Such low attenuation is achieved through a sophisticated (and somewhat expensive) purification process of the fiber material. Inside the spectrograph, after custom-made hermetic connectors, the circular fluoride fibers are coupled to a 1.4 m-long segment of octagonal fibers that feeds the pupil slider. The purpose of the octagonal fiber is to scramble light and minimize systematic RV residual effects associated with potential non-uniform illumination within the science fibers. Experience has shown that octagonal fibers are very effective at improving the accuracy of precision radial velocity spectrographs.
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The output beam of these two fibers is F/4 with a 90 µm diameter which is transformed into an F/8 beam, before transfer to the spectrograph. The use of a simple focal extender would have increased the image size and degraded the resolution, significantly hampering the scientific output of SPIRou and its radial velocity accuracy. The solution to obtain the required slit and pupil profile on the R2 grating is to use a pupil slicer. The adopted pupil slicer design is summarized in figure 4. SPIRou's pupil slicer is based on free space optical components. To have the maximum stability in the cryogenic chamber, the optical design is only composed of mirrors. Collimation of light coming from fibers is done by the collimator/focusing mirror with a parabolic surface. It creates a circular, 3.125 mm diameter, pupil onto the slicing mirrors. Slicing mirrors are 4 identical flat rectangular mirrors with different y-tilt to form 12 images along a slit (4 images for each fiber) at the mirror stack level after reflection on the collimator/focusing mirror.
These images are then reflected with the correct angle by the mirror stack to obtain the pupil profile required on the R2 grating. The mirror stack is composed of 9 flat mirrors mounted together and with different tilts. Considering a space of 20 µm between two slices within the slit, each flat mirror will have a width of 110 µm. 
SPECTROGRAPH
The main science goals of SPIRou, the discovery of terrestrial planets in the habitable zone of M dwarfs and spectropolarimetry of young stellar objects, lead to strong requirements on the design of SPIRou. The radial velocity stability of SPIRou over its useful live must be smaller than the typical RV shift induced by an habitable exoplanet around an M dwarf of ∼1 m/s, setting the bar to SPIRou's RV accuracy and many of the adopted engineering solutions.
The adopted SPIRou spectrograph design is a near-infrared fiber-fed double-pass cross-dispersedéchelle spectrograph, based on ESPaDOnS optical design (see figure 5) . It includes one parabola, anéchelle grating, a train of cross-dispersering prisms (in double pass), a flat folding mirror, a refractive camera and a detector. We provide here a summary of the final design of SPIRou spectrograph, earlier versions having, most notably, explored both R2 and R4 grating options. 16 The former has been selected for construction after considering the significant risk involved in the development of the R4 grating.
The optical path sequence is the following:
• The parabola collimates the fiber fed pupil slicer image slit beam;
• The collimated beam goes through the cross disperser prisms (first pass);
• The echelle grating diffracts the collimated beam;
• The diffracted collimated beam goes back through the cross disperser prisms (second pass);
• The parabola focuses the diffracted collimated beam (second pass);
• The flat mirror folds the diffracted focused beam;
• The parabola collimates the diffracted focused beam;
• The refractive camera focuses the diffracted collimated beam on the detector.
Camera and lens mounting
The optical bench is made of 5 lenses. The lenses mounting technique, described below, is the same the one used for the camera WIRCAM.
17 Each lens is held in a precisely machined aluminum cell. The lens is held in the cell axially with beryllium-copper leaf springs SPIRou so that the total force applied to the lens is approximately 3 times its weight. An aluminum ring is located between the springs and the lens so that the springs don't come in contact with the lens. The lens is held radially with three T-shaped nylon or Teflon pads evenly distributed on the perimeter. The length of pads is adjusted so that the gap between the pad and the lens is close to zero at room temperature and at operating cryogenic temperature. Spring washers are used to compensate the differential thermal contraction between screws (stainless steel) and pads (nylon).
Studies on the project WIRCAM have shown that a maximum gradient of 20 K can be expected between the lens and the barrel during cooldown. In the case of WIRCAM, a cool down time of 24 h was used to make the calculation. For WIRCAM, models and calculations showed a 10-fold safety margin when using the pad scheme discussed above. In the case of SPIROU, a cool down time of 3 days is expected. The cool down time being even slower than for WIRCAM, we are very confident that the method presented above will be safe for SPIRou. 
Detector choice
The broad simultaneous wavelength coverage of SPIRou combined with its high resolution implies that at least ∼100000 resolution elements need to be recorded. Considering the adopted pupil slicer design that produces 4 slit images per science channel, and that the fiber image is ∼2 pixels in diameter, at least 36 pixels will be illuminated for each resolution element (4 images per science fiber, 1 for the calibration channel, leading to 9 images, each consisting of 2 × 2 pixels). This leads to the illumination of ∼4×10 6 pixels. Considering an inter-image and inter-order gap of ∼2 pixels and the trapezoid shape of order placement, a science array with at least 10 7 pixels is required. The H4RG 19 detector developed by Teledyne is the best available detector for this purpose, with 4096 × 4096 pixels and < 5e − effective readout noise after multiple readouts. Orders only occupy ∼2500 of the 4096 pixels height of the science array, leaving significant leeway should the selected science array present cosmetic defects on one of its sides. Provision to move the science array has been done in the detector attachement to the camera.
Cryostat
The SPIRou cryostat has a cylindrical form with an outer diameter of 1.7 m by a 3.3 m length in operational mode (when closed). The cylindrical portion of the cryostat slides along its axis to allow easy access to the optical bench (see figures 2 and 8). When opened, the cryostat occupies a footprint of 5.7 × 1.7 m, and is 1.8 m high. The total mass of the cryostat estimated to be 3600 kg. This number excludes vacuum pumps and cryogenic pumps, electronics and other supporting hardware. The optical bench is located in a horizontal position. It is supported at three points by a hexapod type arrangement from an internal warm support frame (see figure 8 ). The hexapods have high thermal resistance to insulate the optical bench from the warm internal frame. The internal support frame is cantilevered from the stationary end of the cryostat. For the ease of maintenance all instrument feed-through and cryo-coolers are located on the stationary parts of the cryostat. In total there are four heat shields: two passive heat shields attached to the cryostat shell, one active shield Right: Cutoff view of the lens mounting scheme; lenses are constrained radially through nylon or Teflon pads which length has been adjusted to compensate differential thermal contraction between the lens's glass and the aluminum cell. Axially, lenses are held in place through beryllium/copper leaf springs. Order disposition on SPIRou's science array. The spectral orders at the red end of domain cover the entire width of the science array. Vertically, the orders only cover ∼2500 pixels, leaving leeway to move the array up or down depending on its cosmetics.
which is suspended from the internal frame, and one last passive shield, which is attached to the inside of the active shield. . Schematic view of the main elements of SPIRou's cooling and thermal control system. The optical bench is encased wihtin a first passive shield, which is itself encased in an active shield. The optical bench and these two shields lay on a cold bus linked to cryocoolers, and are supported by the internal support frame through G10 rods. Two more passive head shields enshroud the entire instrument, providing a global thermal stability at the 1 mK level for the optical.
CALIBRATION UNIT
The calibration unit goal is to calibrate and to characterize the spectrometer response to secure the highest possible RV stability, both for short term (one night) and long term (several years) activity. Therefore the calibration unit has to provide calibration sources in order to perform the following calibrations: 1) localization and geometry of spectral orders; 2) determination of the flat field (pixel response) and blaze profile response; 3) determination of the wavelength calibration; 4) determination of the radial velocity reference (zero point).
Furthermore, a cold source with low thermal emissivity is required in case of no simultaneous calibration as not to add an additional thermal background to during science observations.
The calibration light feeds the spectrograph through two channels: one following the stellar beams path through the Cassegrain Unit, the other directly at the spectrograph slicer entrance.
The unit architecture for SPIRou comes from HARPS and SOPHIE heritage. Some adaptations are made to be compliant with the SPIRou requirements.
The calibration module is composed of 3 parts:
• Calibration unit
• Radial Velocity Reference unit (RV reference unit)
• RV reference fiber
The calibration unit provides light from different selectable sources to feed two RV reference fiber, one linked to the Cassegrain unit and the other to the spectrograph through the slicer unit.
The RV reference unit is essentially a Fabry-Perot etalon housed in a temperature-controlled vacuum enclosure. The etalon is fiber-fed by a bright white lamp. A symmetrical set-up of parabolas couples the input fiber to the exit fiber, the etalon being located in the collimated beam between the two parabolas. The output fiber is connected to the calibration module. The RV reference unit is considered as a light source of the calibration module. This unit is provided by Observatory of Geneva.
The RV reference fiber package includes the two fiber links:
• The Cassegrain calibration channel: links directly the calibration module to the Cassegrain unit. The calibration beams follow the same optical path as the science beams;
• The Reference calibration channel: links directly the calibration module to the spectrometer through the slicer unit.
